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Professional phagocytes, such as neutrophils and macrophages, effectively engulf and eliminate invading
microorganisms. To survive this onslaught, pathogens have developed an astounding array of countermea-
sures aimed at avoiding detection, impairing signaling, or paralyzing the machinery that underlies phagocy-
tosis. On the other hand, certain pathogens benefit from attaching to, entering, or traversing host cells to
establish and spread infection. This is accomplished by yet other types of effectors that either co-opt or
mimic host cell phagocytic components. Here, we briefly summarize the basic features of the phagocytic
process and proceed to describe the types of strategies deployed by pathogens to either impair phagocy-
tosis or to gain entry into cells where they can establish a safe survival niche.Introduction
The internalization of a pathogen by a host cell can be consid-
ered advantageous or deleterious, depending on the circum-
stance. For a pathogen to effectively colonize and establish
infection in a host, it often must cross protective barriers such
as epithelia. While some pathogens can do so by slipping
between cells, others induce their uptake into host epithelial cells
and can undergo transcytosis, in which the pathogen trans-
verses the interior of a cell and establishes infection within or
beyond the epithelial lining. In such instances, the ability to enter
host cells is beneficial to the pathogen. On the other hand,
engulfment of pathogens by professional phagocytes (neutro-
phils, macrophages, and dendritic cells) is an effective strategy
used by the host to prevent and eradicate infection.
Host cells can use a variety of routes to internalize particles.
Broadly, these can be divided into endocytosis, macropinocy-
tosis, and phagocytosis. Endocytosis underlies the internaliza-
tion of small solutes, can occur via small coated or uncoated
vesicles or tubules, and is generally independent of actin poly-
merization. By contrast, macropinocytosis and phagocytosis
mediate the uptake of fluid or particles, respectively, into
considerably larger vacuolar structures and are actin-driven—
and in most cases phosphatidylinositol 3-kinase-dependent—
processes. Because a number of excellent reviews describing
the individual cellular entry routes are available (McMahon
and Boucrot, 2011; Sandvig et al., 2011; Swanson, 2008), we
will restrict our discussion to those aspects relevant to micro-
bial entry.
During phagocytosis, engagement of host cell receptors by
cognate ligands on the surface of pathogens leads to their inter-
nalization into a membrane-bound vacuole, the phagosome,
which undergoes a gradual metamorphosis through fusion with
endosomes and subsequently lysosomes to become a proficient
microbicidal and degradative compartment (the phagolyso-
some, Figure 1). This is a host-driven process, undertaken
primarily by professional phagocytes, and is an important
component of the innate immune system’s first line of defense
against infection. Some pathogens, however, can survive within
phagocytes and take advantage of the intrinsic internalization
pathways to enter these cells; Mycobacterium tuberculosis isone example. Other pathogens have the ability to enter also
nonphagocytic cells (e.g., epithelial or fibroblastic cells). For
clarity, we will refer to macropinocytosis or phagocytosis as
such when the process is initiated by and in the interest of the
host cell, while we designate the microbial-initiated events as
‘‘invasion’’. Invasion can be accomplished in two ways: (1) by
engaging a host cell receptor that is serendipitously capable of
signaling for entry, or (2) by injection of microbial effectors that
co-opt the cellular machinery, forcing particle uptake. In this
second case, the majority of these effectors are secreted by
specialized systems such as the type 3 secretion system
(T3SS). This needle-like appendage is used by certain bacteria
to inject proteins directly into the host cell cytosol, where they
elicit functional responses (Cornelis, 2006). The T3SS is only
one of six specialized secretion systems (T1SS-T6SS) found in
Gram-negative bacteria; the role of other secretion systems in
invasion is less clear.
In this review, we discuss the various steps of the internaliza-
tion process in chronological order, starting from engagement of
the pathogen by the host cell, followed by the induction of
signaling and the remodeling of the cytoskeleton that drives
engulfment of the target. The basic features of each stage will
be described first, followed by the strategies developed by
various pathogens to either evade or promote entry in order to
survive and proliferate within the host. We will conclude with
a discussion of the ability of certain microbial species to spread
from cell to cell, a type of ‘‘inside-out’’ phagocytosis.
Step One: Binding the Host Cell
Professional phagocytes recognize either endogenous motifs
of the microbial surface or serum components (opsonins)
attached to it. Two types of opsonic receptors have been
characterized in most detail: the receptors for the fragment
crystallizable (Fc) portion of immunoglobulin, as well as the
receptors for complement components (such as complement
receptor 3 [CR3], the aMb2 integrin receptor for the complement
component C3bi). These serum components bind to foreign
invaders, tagging them for neutralization by the immune
system. Though less studied, nonopsonic receptors are equally
important. They include the scavenger receptors (such asCell Host & Microbe 12, October 18, 2012 ª2012 Elsevier Inc. 419
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Figure 1. Pathogen Subversion/Evasion of
Phagocytosis
The various means used by pathogens to either
promote or evade uptake into host cells are
exemplified. Pathogens can be internalized into
host cells through the co-option of a cellular
receptor or by injection of effectors that promote
entry. Following internalization, the pathogen
resides in a phagosome or invasion vacuole that
normally undergoes maturation, leading to
bacterial killing and degradation. However, some
pathogens have evolved ways to avoid this fate,
including escape from the phagosome, impairing
its maturation, and even surviving in the harsh
environment of the mature phagosome. Other
pathogens can avoid being internalized in the first
place; mechanisms to evade entry include
encapsulation and complement/antibody inacti-
vation, both of which inhibit recognition of the
pathogen by the host phagocytes. Also included
in this category are interference with signaling and
manipulation of the cytoskeleton, resulting in
adherence/effacement; both of these involve
attachment of the pathogen to the host cell
without subsequent internalization.
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collagenous structure [MARCO], and CD36; Areschoug and
Gordon, 2009) and the C-type lectin receptors, such as Dec-
tin-1, which is the receptor for b-glucan (Drummond and
Brown, 2011). In an effort to avoid killing by professional
phagocytes, some pathogens have developed means of
neutralizing or eluding such receptors. In contrast, pathogens
intent on entering and invading nonphagocytic cells often co-
opt intrinsic host cell receptors. Some of these strategies will
be discussed next.
Strategies to Induce Binding and Entry
Host Cell Receptor Usage to Gain Entry. One of the simplest
ways for a pathogen to induce its ownuptake is to hijack a cellular
receptor that can provide the signals required for engulfment.
Different types of host cell receptors are used by pathogens to
enter cells. One of the best-studied paradigms is the use of
E-cadherin and hepatocyte growth factor receptor, also called
Met, by the intestinal pathogen Listeria monocytogenes (see
Stavru et al., 2011 for a review). The integrins are another family
of cell adhesion receptors commonly targeted by pathogens.
Beta 1 (b1) integrins are bound directly by the Yersinia outer-
membrane protein Invasin (Isberg and Leong, 1990), by the Ipa
proteins of Shigella flexneri (Watarai et al., 1996), and by CagL
of Helicobacter pylori (Kwok et al., 2007). Integrins can also be
engaged indirectly by pathogens that are coated with extracel-
lular matrix (ECM) proteins, which have the capacity to bind
integrins. Thus, Yersinia (Schulze-Koops et al., 1993), Staphylo-
coccus aureus (Sinha et al., 1999), Streptococcus pyogenes
(Hanski and Caparon, 1992), and Campylobacter jejuni (Konkel
et al., 1997), among others, all express fibronectin (FN)-binding
proteins, which are components of the ECM and thus allow entry420 Cell Host & Microbe 12, October 18, 2012 ª2012 Elsevier Inc.into cells via b1 integrins. Similarly, vitro-
nectin (VN)-binding proteins of the ECM
allow Neisseria gonorrhoeae (Duensing
and van Putten, 1997), Neisseria menin-
gitidis (Virji et al., 1994), and likely alsoStreptococcus pneumoniae (Bergmann et al., 2009) to exploit
beta 3 (b3) integrins for invasion.
Strategies to Avoid Recognition and Uptake
While some pathogens can survive in host cells, many are
eliminated following internalization, a testament to the destruc-
tive power of the phagolysosome. For this reason, several
pathogens have evolved strategies to avoid entry into phago-
cytic cells. Evasion of entry can occur at multiple stages of
the internalization sequence, as will be discussed through-
out this review; here we discuss evasion of the initial stages
of entry, specifically impairment of binding to the host cell
(Table 1).
Many evasion strategies involve altering microbial identifiers
(the so-called ‘‘pathogen-associated molecular patterns,’’ or
PAMPs) such that a pathogen will not be recognized by the
normal surveillance systems of the host. This can happen by
expression of a polysaccharide capsule that surrounds the path-
ogen, physically hiding immunological identifiers. This strategy is
used by multiple pathogens, including Neisseria meningitidis,
Haemophilus influenzae, Pseudomonas aeruginosa, Strepto-
coccus spp., and Cryptococcus neoformans (Woolard and
Frelinger, 2008). Another way PAMPs can be concealed is by
chemical modification, yielding products that are no longer
recognized by the host. For example, some bacteria modify their
lipopolysaccharide (LPS), eluding detection by the host pattern
recognition receptor, Toll-like receptor 4 (TLR4). Helicobacter
pylori (Cullen et al., 2011), Salmonella typhimurium (Kawasaki
et al., 2004), and Yersinia spp. (Montminy et al., 2006) are
included in this group. Similarly, Campylobacter jejuni, Helico-
bacter pylori, and Bartonella bacilliformis produce flagella that
evade recognition by TLR5 (Andersen-Nissen et al., 2005).
Table 1. Evasion of Host Cell Recognition by Pathogens
Strategy Pathogen Effector Function
Phenotypic
Consequence Reference
Encapsulation N. meningitidis Capsule Surrounds cell wall Hides immunogenic
determinants
Woolard and
Frelinger, 2008H. influenzae
P. aeruginosa
Streptococcus spp.
C. neoformans
TLR2 evasion F. novicida FTN_0757 Represses bacterial
lipoprotein production
Prevents recognition
by TLR2
Jones et al., 2012
TLR4 evasion S. typhimurium PagL Deacylase; modifies
Lipid A
Prevents recognition
by TLR4
Kawasaki et al., 2004
S. typhimurium PagP Palmitoyltransferase;
modifies Lipid A
Promotes resistance
to CAMPs; inhibits
recognition by TLR4
Kawasaki et al., 2004
P. gingivalis Lipid A
phosphatase
Dephosphorylates Lipid A Prevents recognition
by TLR4
Coats et al., 2009
H. pylori LpxE, LpxF Dephosphorylate Lipid A Prevents recognition
by TLR4
Cullen et al., 2011
L. pneumophila Rcp Palmitoyltransferase;
modifies Lipid A
Promotes resistance
to CAMPs; inhibits
recognition by TLR4 (?)
Robey et al., 2001
Yersinia spp. – Growth at 37C results
in hypoacylated LipidA
Prevents recognition
by TLR4
Montminy et al., 2006
TLR5 evasion C. jejuni Flagellin Produce flagellin that is
modified in D1 domain
Prevents recognition
by TLR5
Andersen-Nissen et al., 2005
H. pylori
B. bacilliformis
Ig cleavage S. pneumoniae IgA1 protease Zn-metalloproteinase;
cleaves IgA
Inhibits detection
of opsonized target
by FcaR
Kilian et al., 1979
Neisseria spp. IgA1 protease Serine endopeptidase;
cleaves IgA
Blake and Swanson, 1978
H. influenzae IgA1 protease Serine endopeptidase;
cleaves IgA
Kilian et al., 1979
S. pyogenes IdeS Cysteine protease;
cleaves IgG
Inhibits detection
of opsonized target
by FcgR
von Pawel-Rammingen
et al., 2002
S. pyogenes EndoS Endoglycosidase;
hydrolyzes N-linked
glycan of IgG
Collin and Olse´n, 2001
S. aureus GluV8 Glutamyl endopeptidase;
cleaves IgG
Ryan et al., 2008
Complement/Ig
binding
N. meningitidis fHbp Binds Factor H Inhibits activation
of alternative
complement pathway
Schneider et al., 2009
S. aureus SdrE Binds Factor H and C3b Sharp et al., 2012
S. pyogenes M protein Binds Factor H, FHL-1,
and C4BP
Horstmann et al., 1988
B. burgdorferi OspE Binds Factor H and FHL-1 Hellwage et al., 2001
C. albicans Gpm1 Binds Factor H and FHL-1 Poltermann et al., 2007
S. aureus Protein A Binds Fc portion of IgG Scavenges IgG;
inhibits detection
of opsonized
target by FcgR
Forsgren and Sjo¨quist, 1966
S. aureus Sbi Binds Fc portion of IgG Zhang et al., 1998
Streptococcus spp. Protein G Binds Fc portion of IgG Sjo¨bring et al., 1991
Streptococcus spp. FOG Binds Fc portion of IgG Nitsche-Schmitz et al., 2007
Mechanisms used by pathogens to inhibit recognition by the host cell are shown, as described in the text.
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facilitate recognition by host receptors. Avoidance of opsoniza-
tion is another strategy employed by pathogens to foil recogni-tion and evade phagocytosis. Due to its ability to obstruct
the bacterial surface, capsule expression allows evasion of
opsonization. There are also more specific strategies to avoidCell Host & Microbe 12, October 18, 2012 ª2012 Elsevier Inc. 421
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Streptococcus pneumoniae (Kilian et al., 1979), Neisseria spp.
(Blake and Swanson, 1978), and Staphylococcus aureus (Ryan
et al., 2008) produce immunoglobulin (Ig) proteases, which
cleave Ig in the hinge region. This results in separation of
the Fab (fragment, antibody-binding) and Fc regions of the
antibody, precluding capture of the immune complex by Fc
receptors. Opsonization can also be impeded by scavenging
the opsonins. Examples of this strategy include the sequestra-
tion of Factor H, a regulator of complement activation, by
Neisseria meningitidis (Schneider et al., 2009), Staphylococcus
aureus (Sharp et al., 2012), Borrelia burgdorferi (Hellwage
et al., 2001), and Streptococcus spp. (Horstmann et al.,
1988). These bacteria express proteins that bind Factor H,
thereby impairing activation of the complement cascade.
Also, a number of bacteria, including Streptococcus pyogenes
and Staphylococcus aureus, produce antibody-binding proteins
that scavenge opsonizing antibody (Nitsche-Schmitz et al.,
2007; Zhang et al., 1998).
In summary, pathogens have developed an arsenal of
stratagems to prevent recognition by professional phagocytes.
When such strategies fail, some bacteria are nevertheless
able to impair internalization by other means. These are enter-
tained below.
Step Two: Signaling for Entry
For a cell to engulf a particulate object, the membrane must
extend itself around the particle and then fuse, creating a sealed
intracellular compartment. This requires a local reorganization of
the cytoskeleton, which occurs in response to localized sig-
naling. Two prominent signals triggered during phagocytosis
are tyrosine phosphorylation and the generation of polyphos-
phoinositides. Tyrosine phosphorylation is often the first signal
triggered by receptor engagement and serves to recruit adaptors
bearing SH2 domains, which bind specific phosphorylated tyro-
sine motifs, and/or to alter the conformation and activity of target
proteins. As detailed below, phosphoinositides serve multiple
functions as messengers, similarly recruiting and activating a
remarkable variety of effectors. In professional phagocytes, liga-
tion of Fc, complement, and other receptors generates these
signals; of note, some pathogens can induce similar signaling
in nonphagocytic cells to foster their own uptake or, when
advantageous, can inhibit it to avoid internalization.
Altered Host Signaling to Evade Uptake
Inhibition of Tyrosine Phosphorylation. During Fc-mediated
phagocytosis, the first signal that is produced upon target
binding is the phosphorylation of two critical tyrosine residues
within the immunoreceptor tyrosine-based activation motif
(ITAM) of the receptor’s cytoplasmic domain. This is accom-
plished through the action of Src-family kinases. The resulting
phosphotyrosines act as docking sites for SH2 domains of
signaling molecules that include the tyrosine kinase Syk. Syk
activation stimulates the recruitment of the lipid-metabolizing
enzymes phosphatidylinositol 3-kinase (PI3K) and phospholi-
pase C-gamma (PLCg), as well the adaptor proteins GRB2 and
GAB2 (see Goodridge et al., 2012 for a review). Also downstream
of Syk is the guanine exchange factor Vav, which directs Rho-
family GTPase activation (discussed in more detail below).
Thus, the initial phosphorylation of phagocytic receptors422 Cell Host & Microbe 12, October 18, 2012 ª2012 Elsevier Inc.unleashes a cascade of events that ultimately remodel the
membrane to enable engulfment of target particles.
In an effort to evade internalization by phagocytes, some path-
ogens inject effectors with tyrosine phosphatase activity, thus
counteracting the activating tyrosine phosphorylation signals
of the host cell. The phosphatase YopH of Yersinia spp. exem-
plifies these effectors. This protein is delivered into host cells
via a T3SS and inhibits Yersinia internalization by macrophages
by dephosphorylating the adaptor protein p130Cas, among
other targets (Andersson et al., 1996). Similarly, Salmonella
typhimurium produces the tyrosine phosphatase SptP, which
is also injected into host cells via a T3SS (Kaniga et al., 1996).
This protein has been shown to deactivate Rho-family GTPases,
though this is likely an indirect consequence of dephosphoryla-
tion of other, upstream proteins. Pathogens can also evade entry
by engaging host cell receptors that recruit endogenous tyrosine
phosphatases; such is the case of Neisseria gonorrhoeae, which
binds the receptor CEACAM1, inhibiting its uptake into T cells
(Lee et al., 2008).
Altered Host Signaling to Promote Invasion
Modifying Phosphoinositides. Phosphatidylinositol (PtdIns) is
a comparatively abundant constituent of the membranes of
host cells. Through the action of PtdIns kinases, up to seven
species of phosphoinositides can be produced, each with a
specific location and function within the cell. The phosphoinosi-
tides participate in signaling by serving as substrates for
enzymes such as phospholipase C (PLC) to generate second
messengers or, more often, by promoting the recruitment of
proteins bearing specialized domains that specifically recognize
defined inositide head groups. Thus, PtdIns(4,5)P2 is recognized
by proteins bearing pleckstrin homology (PH) domains, while
PtdIns(3)P attracts proteins with FYVE (Fab1, YOTB, Vac1,
EEA1) or phox homology (PX) domains.
PtdIns(4,5)P2 and PtdIns(3,4,5)P3 play important roles in phag-
osome formation, while PtdIns3P is required for maturation
(Yeung and Grinstein, 2007) (Figure 2A). PtdIns(4,5)P2 is
produced at the plasma membrane primarily by PtdInsP
5-kinases acting on PtdIns4P, though a contribution of PtdInsP
4-kinases is also conceivable; it can also be produced via
dephosphorylation of PtdIns(3,4,5)P3. PtdIns(4,5)P2 plays a key
role in the early stages of Fc-mediated phagocytosis, particularly
through its ability to recruit actin-modifying proteins. Examples
include WASP, which subsequently activates the actin nucleator
Arp2/3, and profilin. The latter is a capping protein that, when
removed by PtdIns(4,5)P2 from the end of filaments, promotes
their growth. PtdIns(4,5)P2 also activates the filament-severing
protein gelsolin, thus exposing new barbed ends where actin
polymerization occurs. Accordingly, depletion of plasmalemmal
PtdIns(4,5)P2 was shown to preclude phagocytosis (Bohdano-
wicz et al., 2012). PtdIns(3,4,5)P3 also recruits proteins neces-
sary for phagocytosis. These include myosin X (which has
a role in phagosomal closure; Cox et al., 2002), as well as
exchange factors for Rho-family GTPases such as Rac (dis-
cussed in more detail below; Yeung et al., 2006).
It is important to stress that while actin polymerization is
required for the initial steps of the phagocytic response, the re-
sulting filaments must be removed from the base of the forming
phagosome to enable its closure. Importantly, actin disassembly
at the base of the phagocytic cup seems to depend on the
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Figure 2. Polyphosphoinositides in
Phagocytosis
(A) Polyphosphoinositide metabolism during
phagosome formation. (1) The majority of the
PtdIns4P in the plasma membrane is generated
from PtdIns by PtdIns 4-kinases. This is converted
to PtdIns(4,5)P2 by PtdInsP 5-kinases; these
processes occur continuously in resting cells,
although PtdIns(4,5)P2 synthesis is transiently
stimulated during phagocytosis. The increased
amount of PtdIns(4,5)P2 is accompanied by actin
rearrangements that favor pseudopod extension.
For phagocytosis to be completed, the PtdIns(4,5)
P2 at the base of the phagocytic cup must be
removed to clear F-actin that would otherwise
interfere with sealing; this occurs through the
action of PLC, class I PtdIns3K, and 5-phospha-
tases. The product of class I PtdIns3K, PI(3,4,5)P3,
is subsequently hydrolysed via 3- and 5-phos-
phatases such as PTEN and SHIP, respectively.
(2) The formed phagosome is decorated by
PtdIns3P, which is formed by the class III PtdIns3K
Vps34; this is then converted to PtdIns(3,5)P2,
a marker of more mature phagosomes, by the
PtdInsP 5-kinase, PIKfyve.
(B) Biphasic changes in PtdIns(4,5)P2 during
phagocytosis parallel actin dynamics. (1) Particle
binds the plasma membrane with a basal level
of PtdIns(4,5)P2. (2) Signaling of receptor results
in a transient increase in PtdIns(4,5)P2, favoring
actin polymerization and concomitant pseudopod
extension. (3) Loss of PtdIns(4,5)P2 at the base of
the cup allows clearance of actin; this is accom-
plished in part by class I PtdIns3K and PLC, re-
sulting in PtdIns(3,4,5)P3 and DAG production. (4)
Phagosome formation is completed when the
surrounding pseudopods make contact and seal.
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(Figure 2B). Accordingly, overactivation of PtdInsP 5-kinases,
which leads to overproduction of PtdIns(4,5)P2 at the plasma
membrane, also inhibits phagocytosis (Fairn et al., 2009). A
number of pathways contribute to PtdIns(4,5)P2 elimination
from nascent phagosomes: PLC-mediated catalyzation to
diacylglycerol (DAG) and inositol 3,4,5-trisphosphate (Botelho
et al., 2000), dephosphorylation to PtdIns4P by PtdIns 5-phos-
phatases (Bohdanowicz et al., 2012), and conversion to
PtdIns(3,4,5)P3 by class I PtdIns3K (Marshall et al., 2001)
(Figure 2A). Inhibiting PtdIns3K activity can have profound
effects on phagocytosis, particularly during uptake of large parti-
cles (Araki et al., 1996; Cox et al., 1999).
Because of the fine balance and spatio-temporal changes of
PtdIns(4,5)P2 required for phagocytosis, it is not surprising that
many pathogens have targeted this pathway to manipulate
entry. Bacteria can either co-opt host PtdIns kinases or phos-
phatases, or produce and deliver their own versions of these
enzymes to affect entry into the cells (for a review, see Payrastre
et al., 2012). Yersinia pseudotuberculosis is but one of several
pathogens that manipulate PtdIns(4,5)P2 during invasion. As
in the case of Fc receptor-mediated phagocytosis, biphasic
changes in PtdIns(4,5)P2 are required for Yersinia internalization.
Early on, ligation of Invasin by b1 integrin leads to the stimulation
of PtdIns 5-kinases through the activation of Arf6, fostering local-
ized PtdIns(4,5)P2 synthesis (Wong and Isberg, 2003). However,
sealing of the vacuole—and therefore completion of invasion—requires the subsequent hydrolysis of PtdIns(4,5)P2, which is
accomplished largely via the recruitment of the host cell PtdIns
5-phosphatases OCRL and Inpp5b, which is mediated by the
small GTPase Rab5 (Sarantis et al., 2012). Invasion of epithelial
cells by the bacterium Listeria monocytogenes was similarly
shown to require OCRL (Ku¨hbacher et al., 2012). Depolymeriza-
tion of actin in response to PtdIns(4,5)P2 hydrolysis is thought to
play a role in both instances.
Unlike Yersinia, which enlists host inositide phosphatases to
promote entry, other bacteria prefer to rely on their own effec-
tors. The intestinal pathogens Salmonella enterica, Shigella
flexneri, and Vibrio parahaemolyticus all produce and inject
PtdIns(4,5)P2-phosphatases into host cells during entry via
T3SSs. Salmonella and Shigella produce the PtdIns 4-phospha-
tases, SopB and IpgD, respectively (Mallo et al., 2008; Niebuhr
et al., 2002), while Vibrio makes a PtdIns 5-phosphatase,
VPA0450 (Broberg et al., 2010). In the case of Salmonella and
Shigella, the phosphatases elicit localized responses that
contribute to membrane ruffling at the internalization site and
to fission of the invasion vacuole (Niebuhr et al., 2002; Terebiznik
et al., 2002). Injection of VPA0450 by Vibrio results in cell round-
ing and eventual death (Broberg et al., 2010). Differences in the
quantity or timing of expression, or in localization of the phos-
phatases, may account for the divergent phenotypes. In this
regard, it is known that transfection of cells with plasma
membrane-localized PtdIns 4-phosphatases, including IpgD
(Niebuhr et al., 2002) and SopB (Mason et al., 2007), results inCell Host & Microbe 12, October 18, 2012 ª2012 Elsevier Inc. 423
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tion in PtdIns(4,5)P2 levels. A similar extensive elimination of
PtdIns(4,5)P2 by VPA0450 could account for the observed
phenotype. It remains to be determined how this protein is
regulated during infection, and if and how the severe changes
undergone by the host cells are beneficial to the bacterium.
The implications of PtdIns(4,5)P2 loss from the plasma mem-
brane during internalization are becoming apparent, yet the
role played by the generation of PtdIns4P or PtdIns5P (if any) is
less obvious. During Shigella infection, PtdIns5P production by
IpgD leads to PtdIns3K stimulation via the epidermal growth
factor receptor (EGFR) (Ramel et al., 2011). Whether SopB-
mediated PtdIns5P production also stimulates PtdIns3K by
a similar mechanism remains to be established, though some
discrepancies between the two systems are already apparent,
inasmuch as PtdIns(3,4,5)P3 and/or PtdIns(3,4)P2 accumulation
in Salmonella-infected cells is largely insensitive to wortmannin
(Mallo et al., 2008) and LY294002, inhibitors of PtdIns3K.
While PtdIns(4,5)P2 clearly plays a role in the early stages of
phagocytosis (i.e., during membrane protrusion and vacuolar
fission), the role of PtdIns(3,4,5)P3 is more elusive. As mentioned
above, PtdIns3K inhibitors affect Fc-mediated phagocytosis,
particularly in the case of larger (R4 mm diameter) particles
(Cox et al., 1999). Bacteria tend to be considerably smaller
than this (1–2 mm, generally), and thus their uptake by profes-
sional phagocytes is expected to be less sensitive to PtdIns3K
inhibition. What role then does PtdIns(3,4,5)P3 play in invasion?
Notably, both Salmonella and Shigella are known to induce
PtdIns(3,4,5)P3 production by the host cells upon infection,
and this leads to activation of the serine/threonine kinase Akt
(Pendaries et al., 2006; Steele-Mortimer et al., 2000). Akt is
known to promote cell survival (Song et al., 2005), which
would indirectly benefit long-term intracellular colonization by
the pathogens.
Another interesting phosphoinositide implicated in pathogen
entry is PtdIns3P. In uninfected cells this phosphoinositide is
found on endosomes and controls vesicular trafficking through
the recruitment of effectors bearing FYVE or PX domains
(Lindmo and Stenmark, 2006). Interestingly, during Salmonella
invasion PtdIns3P was found to present at invasion ruffles, by
a mechanism that likely involved SopB (Pattni et al., 2001). The
role of PtdIns3P at this early stage of infection is unknown,
though it has been hypothesized to recruit VAMP8, a SNARE
protein involved in vesicle fusion, and potentially result in lyso-
some exocytosis to furnish extra membrane for internalization
(Dai et al., 2007), a mechanism akin to that described for the
entry of the intracellular parasite Trypanosoma cruzi (see next
section).
Other Pathogen-Mediated Signals. Additional signals may
contribute to bacterial entry during phagocytosis and invasion.
In Fc receptor-mediated phagocytosis, the cleavage of
PtdIns(4,5)P2 by PLC releases inositol 3,4,5-trisphosphate into
the cytoplasm, causing calcium release from the endoplasmic
reticulum and subsequent entry of calcium via store-operated
channels. Calcium is required for some, though not all, forms
of phagocytosis (Nunes and Demaurex, 2010) and influences
invasion by various pathogens. Attachment of Trypanosoma
cruzi (the causative agent of Chagas’ disease) to the membrane
of host cells is accompanied by a large yet transient release of424 Cell Host & Microbe 12, October 18, 2012 ª2012 Elsevier Inc.intracellular calcium that triggers lysosome recruitment and
fusion; the focal insertion of lysosomal membranes into the
plasma membrane contributes to parasite entry and formation
of the enclosure vacuole (Tardieux et al., 1994). The underlying
mechanism is analogous to that used by the host cells for wound
repair. In addition to providing excess membrane area to repair
the damaged area, lysosomes also deliver the enzyme acid
sphingomyelinase (ASM) to the membrane; ASM cleaves sphin-
gomyelin, generating ceramide, a cone-shaped lipid that causes
inward budding of the membrane, possibly aiding pathogen
internalization (Tam et al., 2010). Indeed, the ASM inhibitor desi-
pramine, aswell as siRNA-mediated knockdown of ASM, inhibits
entry of T. cruzi into host cells; furthermore, exogenous addition
of sphingomyelinase overcomes the defective invasion caused
by silencing ASM (Fernandes et al., 2011).
Another pathogen that induces calcium transients during entry
is Shigella flexneri. Invasion of this bacterium has been linked to
the opening of connexin hemichannels at the plasmamembrane.
This is accompanied by release of ATP, calcium influx, and the
retraction of filopodial protrusions that serve to anchor bacteria
onto cells, thus ‘‘pulling them in’’ and favoring invasion (Romero
et al., 2011). The causal and temporal relationship between these
events has not been fully resolved; however, it has been shown
to involve the ATP-dependent stimulation of Erk1/2, which
controls actin retrograde movement in the protrusions, and
thus their retraction.
In summary, pathogens have developed means to interact
with the surface of host cells and to initiate signals that can either
favor invasion or prevent engulfment by microbicidal phago-
cytes. These signals ultimately control the organization of the
actin cytoskeleton, which is thus indirectly, but often also
directly, targeted by the pathogens. In the next section, we elab-
orate on the mechanisms that underlie the cytoskeletal rear-
rangements required for phagocytosis and give examples of
pathogenic effectors that independently cause such membrane
reorganization for entry or interfere with it to evade uptake by
professional phagocytes.
Step Three: Cytoskeletal Reorganization
The host cell cytoskeleton is made up of microfilaments, inter-
mediate filaments, and microtubules. From the standpoint of
pathogen entry, it is the actin microfilaments that play the most
important role, as they provide the force and structure to guide
the membrane around the bound particle. A detailed description
of cytoskeletal remodeling during phagocytosis can be found in
Swanson, 2008. Remodeling of the actin cytoskeleton during
phagocytosis is largely driven by small GTPases of the Rho
family, notably Cdc42, Rac1, and RhoA. These GTPases directly
recruit effectors that promote cytoskeletal remodeling: the
WASP and WAVE complexes are stimulated during Fc
receptor-mediated phagocytosis by Cdc42 and Rac1, respec-
tively (Caron and Hall, 1998), and direct activation of the actin
nucleator Arp2/3 (Figure 3). Rac1 also promotes actin polymeri-
zation via PAK1, which controls the activity of the actin dyna-
mizing protein cofilin, and by increasing the production of
PtdIns(4,5)P2 (see below; Swanson, 2008). In CR3-mediated
phagocytosis, actin polymerization occurs in part in an Arp2/3-
independent manner, catalyzed by formins that nucleate actin
polymerization and are stimulated by RhoA (Colucci-Guyon
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Figure 3. Molecular Mechanisms Directing Actin Dynamics during
FcR and CR-Mediated Phagocytosis
Phosphorylation of the Fc receptor allows recruitment of Crk, which subse-
quently recruits DOCK180/ELMO for Rac activation. Vav has also been shown
to be recruited to the receptors via its SH2 domain and may lead to Rac
activation, though its requirement for Fc receptor-mediated phagocytosis is
disputed. The involvement of Vav1/3 has been shown for CR-mediated
phagocytosis, leading to Rac and WAVE activation and subsequent activation
of Arp2/3 for actin nucleation. Cdc42 is also activated via an unknown GEF, in
a phosphotyrosine-dependent manner, leading to the activation of WASP and
subsequently Arp2/3. CR-mediated phagocytosis has also been shown to
involve RhoA, which leads to formin-mediated actin polymerization, as well as
the activation of myosins through the action of Rho kinase.
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to involve the constrictive action of myosins (Cox et al., 2002;
Swanson et al., 1999).
Promotion of Entry
Gef Mimicry. When in their inactive (GDP-bound) form, Rho-
family GTPases associate with guanine nucleotide dissociation
inhibitors (GDIs), which maintain them in a soluble state in the
cytosol. By contrast, the active (GTP-bound) GTPases are
membrane bound. The guanine nucleotide exchange factors
(GEFs) that promote their activation also dictate the site where
the active GTPase is targeted. Therefore, focal GEF activation
must occur at sites of phagocytosis in order to stimulate the
Rho-family GTPases that initiate the vectorial polymerization of
actin that drives pseudopod extension. Indeed, a number of
different GEFs are activated at the phagosomal cup (Figure 3).
Vav isoforms, which contain an SH2 domain, are attracted
directly by phosphotyrosine moieties generated by receptor
activation, while DOCK180 recruitment is indirect, via the
adaptor Crk. Vav isoforms were shown to promote the GTP
loading of Rac1 during both CR3-mediated and Fc-mediated
phagocytosis, though they are seemingly not essential in the
latter case (Hall et al., 2006; Patel et al., 2002). DOCK180
has also been implicated in Fc-mediated phagocytosis (Lee
et al., 2007).
As stated earlier, successful completion of phagocytosis
requires removal of the polymerized actin from the base of the
phagocytic cup (Figure 2B). This is accompanied by and is due
at least in part to the deactivation of the Rho GTPases. Because
their intrinsic GTPase activity is slow, GTPase activating proteins
(GAPs) are required to terminate the activity of the Rho-family
proteins in a timely and coordinated manner. Identification ofthe specific GAPs required for successful phagosome formation
remains a daunting challenge, considering that more than 65
Rho-family GAPs have been reported to date.
As during phagocytosis, a number of pathogens induce their
entry into cells through the activation of host cell receptors that
in turn signal GTPase activation. However, a number of microbes
bypass the receptor stage; instead, they produce their own
GEFs and inject them into the host cells. Bacterial GEFs can
be separated into two groups: the first type has homology with
the prototypical GEF from Salmonella, SopE; the second group
is identified by a characteristic amino acid sequence, the WxxxE
motif (Orchard and Alto, 2012) (Table 2). SopE functions as an
exchange factor for Rac1 and Cdc42 (Hardt et al., 1998); its
delivery into cells induces recruitment and activation of WAVE
(Humphreys et al., 2012) and Arp2/3, thus promoting polymeriza-
tion of branching actin, ruffle formation, and ultimately entry of
Salmonella into host cells. Salmonella also expresses a second
GEF, SopE2, which activates Cdc42 selectively (Stender et al.,
2000) and thereby stimulates WASP. Also in this group are
BopE from Burkholderia pseudomallei (Stevens et al., 2003)
and CopE from Chromobacterium violaceum (Miki et al., 2011),
both of which operate as Rac and Cdc42 GEFs.
WxxxE family members share no homology with mammalian
GEFs, yet (at least some) function as bona fide nucleotide
exchangers. Shigella expresses IpgB2, which activates RhoA
in a manner reminiscent of mammalian Dbl-family GEFs (Klink
et al., 2010), leading to activation of the formin Dia1, membrane
ruffling, and stress fiber formation in host cells (Alto et al., 2006).
A related effector from Shigella, IpgB1, also contains the WxxxE
motif and similarly induces actin polymerization. However,
though phenotypically similar, the mode of action of IpgB1 is
radically different: it functions as a RhoG mimic and has
been shown to stimulate Rac1 through the recruitment of the
ELMO/DOCK180 complex, which provides GEF activity (Handa
et al., 2007).
Other members of the WxxxE family include proteins from
attaching/effacing pathogens, including enteropathogenic
Escherichia coli (EPEC), enterohemorrhagic E. coli (EHEC), and
the mouse pathogen Citrobacter rodentium. This family of path-
ogens, known for causing diarrhea, produces and secretes
a number of GEFs, including Map, EspM, and EspT. In these
cases, however, the GEF activity does not promote microbial
entry, but rather causes a sustained polymerization of actin
that results in fastening of the bacteria outside onto the cell
surface. This often occurs by formation of a thick actin pedestal
on which the bacteria rest. However, not all members of this
family are exclusively dedicated to pedestal formation: Map is
a Cdc42-specific GEF that can induce filopodia formation
(Kenny et al., 2002), EspT stimulates Rac and Cdc42 and hence
ruffle formation (Bulgin et al., 2009), while EspM is a RhoA GEF
capable of stress fiber formation (Simovitch et al., 2010).
Actin Nucleators. Some bacterial proteins can directly
nucleate actin, bypassing the Rho-family GTPases. Of these,
the best known is probably the ActA protein of Listeria monocy-
togenes, which activates the Arp2/3 complex directly; actin
nucleation by ActA + Arp2/3 enables the bacteria to move intra-
cellularly and promotes cell-to-cell spreading during infection
(Tilney and Portnoy, 1989). There are cases where pathogens
initiate actin nucleation to promote their uptake into the hostCell Host & Microbe 12, October 18, 2012 ª2012 Elsevier Inc. 425
Table 2. Manipulation of Host Cell Cytoskeleton by Pathogen Effectors
Protein Type Pathogen Effector Function
Phenotypic
Consequence Reference
GEF (SopE-like) Salmonella spp. SopE1 Activates Rac1/Cdc42 Promotes ruffling and
internalization
Hardt et al., 1998
Salmonella spp. SopE2 Activates Cdc42 Promotes internalization Stender et al., 2000
B. pseudomallei BopE Activates Rac/Cdc42 Promotes ruffling and
internalization
Stevens et al., 2003
C. violaceum CopE Activates Rac/Cdc42 Promotes internalization Miki et al., 2011
GEF (WxxxE) S. flexneri IpgB1 RhoG mimic; recruits
ELMO/DOCK180 to
activate Rac1
Promotes internalization Handa et al., 2007
S. flexneri IpgB2 Activates RhoA Promotes ruffling and
stress fiber formation
Klink et al., 2010
A/E pathogens Map Activates Cdc42 Promotes internalization Kenny et al., 2002
C. rodentium EspT Activates Rac/Cdc42 Promotes ruffling and
internalization
Bulgin et al., 2009
A/E pathogens EspM Activates RhoA Promotes stress fiber
formation; inhibits
pedestal formation
Simovitch et al., 2010
Actin nucleator L. monocytogenes ActA Activates Arp2/3 Promotes intracellular
motility
Tilney and Portnoy, 1989
C. trachomatis TARP Directly nucleates
actin; recruits Rac GEFs
Promotes internalization Lane et al., 2008
A/E pathogens EspF/TccP Binds WASP Promotes pedestal
formation
Campellone et al., 2008
GAP Yersinia spp. YopE Inactivates Rac1, Cdc42,
and RhoA
Inhibits phagocytosis Black and Bliska, 2000
P. aeruginosa ExoS Inactivates Rac1, Cdc42,
and Rho
Inhibits phagocytosis Goehring et al., 1999
Salmonella spp. SptP Inactivates Rac1 and
Cdc42
Terminates actin
polymerization to
complete entry
Fu and Gala´n, 1999
Inactivation of Rho
GTPase (other)
A/E pathogens EspH Inactivates RhoA, Cdc42 Inhibits phagocytosis;
promotes pedestal
formation
Dong et al., 2010
Yersinia spp. YopT Cysteine protease;
inactivates Rho
Inhibits phagocytosis
and chemotaxis;
promotes cell rounding
Schmidt, 2011
V. parahaemolyticus VopS Inactivates Rho by
AMPylation
Inhibits phagocytosis;
promotes cell rounding
Yarbrough et al., 2009
H. somni IbpA Inactivates Rho by
AMPylation
Disrupts actin
cytoskeleton;
promotes cytotoxicity
Worby et al., 2009
B. cenocepacia ? Inactivates Rac, Cdc42,
cofilin; activates Rho
Inhibits phagocytosis
and macropinocytosis
Flannagan et al., 2012;
Rosales-Reyes et al., 2012
Summary of effectors produced by pathogens to manipulate the host cell cytoskeleton for the promotion or evasion of entry, as indicated, categorized
by effector type.
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Reviewcells. One example is Chlamydia trachomatis, which induces
actin polymerization and invades cells by injecting its type 3
effector TARP. This protein has an actin-binding domain as
well as a proline-rich region that is involved in its oligomerization
and is required for its actin nucleation activity (Jewett et al.,
2008). TARP can also be phosphorylated in its N terminus, allow-
ing for binding of the Rac GEFs Sos1 and Vav2, thus exploiting in
addition host factors for actin nucleation (Lane et al., 2008). Simi-426 Cell Host & Microbe 12, October 18, 2012 ª2012 Elsevier Inc.larly, the effector EspF/TccP, found in attaching/effacing patho-
gens, promotes oligomerization and binding of multiple WASP
molecules to sites of bacterial attachment by mimicking an auto-
inhibitory element found in WASP (Campellone et al., 2008). This
allows actin nucleation and pedestal formation to occur.
Cofilin Dephosphorylation. In normal, uninfected cells, mem-
bers of the actin depolymerizing factor (ADF) and cofilin family
play a role in the disassembly and restructuring of actin
Cell Host & Microbe
Reviewfilaments, providing new actin subunits for polymerization; they
are regulated by phosphorylation, particularly by LIM kinase,
a downstream effector of Rac (Yang et al., 1998). A number of
pathogens manipulate the phosphorylation status of cofilin in
order to alter actin architecture for invasion purposes. The dental
pathogen Porphyromonas gingivalis delivers a serine phospha-
tase, SerB, that dephosphorylates and activates cofilin. This
enhances its actin-severing ability and promotes bacterial infec-
tion of the host cells (Moffatt et al., 2012). Infection of cells by Lis-
teria monocytogenes and Salmonella is accompanied by an
initial cofilin dephosphorylation followed by phosphorylation
(Bierne et al., 2001; Dai et al., 2004). This may reflect the need
for sequential actin polymerization followed by depolymeriza-
tion, as discussed above in the context of phagocytosis.
Myosins. As described above, phagocytosis proceeds via
skeleton remodeling that involves Rho-family-dependent poly-
merization of actin filaments and their redistribution by myosins.
While many pathogens co-opt the actin nucleation machinery of
the host cells during entry, some also make use of myosins.
Thus, the entry of L. monocytogenes into epithelial cells has
been shown to involve myosin VII (Sousa et al., 2004). Myosin
II is another target of bacteria, particularly those that engage
RhoA. Its downstream effector, ROCK, regulates myosin II
contractility directly, by phosphorylating its light chain, and indi-
rectly, by controlling the activity of the myosin light-chain phos-
phatase. The Shigella effector IpgB2 induces RhoA activation
(Alto et al., 2006) and thereby seemingly controls myosin
contractility. SopB from Salmonella has also been shown to
activate a RhoA-dependent pathway that results in myosin II
engagement. It has been suggested that the resulting filament
contraction can draw the Salmonella into the cells, even when
ruffling is defective, as in the case of SopE/SopE2-deficient
mutants (Ha¨nisch et al., 2011).
Evasion of Uptake
Gap Mimicry. Pathogens commandeer the actin cytoskeleton
of host cells to gain entry, but in other instances also to avoid
internalization, particularly when attempting to evade the
microbicidal action of professional phagocytes. Inactivation of
GTPases is a preferred strategy to this end. This can be accom-
plished by directing the function of a host cell GAP or by micro-
bial production and delivery of a GAP. The latter approach is
employed by Yersinia spp. to evade phagocytosis by macro-
phages. These bacteria utilize their T3SS to deliver YopE, a
GAP that deactivates Rac1, Cdc42, and RhoA, effectively antag-
onizing phagocytosis (Black and Bliska, 2000). While functioning
in a similar manner, YopE shares no structural similarity with eu-
karyotic GAPs, but rather resembles other GAPs of bacterial
origin, such as ExoS of Pseudomonas aeruginosa and SptP of
Salmonella (Evdokimov et al., 2002). Indeed, ExoS also induces
an antiphagocytic effect (Goehring et al., 1999).
Interestingly, bacterial GAPs can also serve to promote
entry into nonphagocytic cells. That is the case of SptP from
Salmonella, which terminates the stimulation of Rac and
Cdc42 initiated by other bacterial effectors, like SopE/E2 (Fu
and Gala´n, 1999). This unique situation requires timely deploy-
ment of the effectors: the GEFs are active first, driving the poly-
merization of actin that causes ruffling to entrap the bacteria,
while the GAPs become active later, favoring depolymerization,
ruffle retraction, and vacuole sealing.Other Forms of Rho GTPase Inactivation. Delivery or stimula-
tion of GAPs is not the only means used by pathogens to coun-
teract the activation of host GTPases in order to prevent their
internalization by phagocytic cells. Another effective strategy is
that employed by attaching/effacing bacteria; these pathogens
produce an effector, EspH, which represses the extension of
filopodia and induces pedestal formation (Tu et al., 2003).
Instead of acting directly on the GTPases themselves, this
effector binds the DH-PH domain of Rho-family GEFs. By steri-
cally hindering access to this domain—which is responsible for
nucleotide exchange—EspH precludes the activation of RhoA
and Cdc42, with the consequent inhibition of phagocytosis in
infected cells (Dong et al., 2010).
Yet another, more common mechanism used by a variety or
pathogens is to target the GTPases directly. A variety of effectors
can accomplish this goal, though not always by identical means.
Yersinia produces a cysteine-specific protease, YopT, that was
shown to inactivate Rho-family GTPases by cleavage of a preny-
lated cysteine. Because prenylation is essential for the GTPases
to remain anchored to the target membrane, cleavage causes
their release and concomitant loss of function (Shao et al., 2002).
AMPylation is another commonly used strategy for GTPase acti-
vation. AMPylation, the addition of adenosine monophosphate
(AMP) to a hydroxyl side-chain of a target protein, is catalyzed
by a number of Fic domain-containing proteins, including those
from Vibrio parahaemolyticus (VopS) and Histophilus somni
(IbpA) (Worby et al., 2009; Yarbrough et al., 2009). Rho-family
GTPases that have undergone AMPylation lose the ability to
bind effectors, rendering the host cell incapable of phagocytosis.
Though less well understood, another example of GTPase
inactivation is provided by the opportunistic pathogen Burkhol-
deria cenocepacia. Infected cells round up and lose their ability
to perform phagocytosis and macropinocytosis (Flannagan
et al., 2012; Rosales-Reyes et al., 2012).While the bacterial factor
responsible for these effects remains unknown, it is dependent
on, and likely delivered by, a type 6 secretion system (T6SS)
and causes the inactivation of Rac and Cdc42, with concomitant
activation of RhoA. Because heterologous overexpression of
Tiam1, a Rac GEF, restores cell shape and the polymerization
of cortical actin, theBurkholderia effector(s) areunlikely todisable
the GTPases directly and may instead target the host GEFs.
Pathogens Alter Their Size and Shape as a Means
of Avoiding Phagocytosis
A series of elegant studies revealed that phagocytic efficiency
depends on the size, shape, and orientation of the target
particles (Champion and Mitragotri, 2006; Okagaki et al., 2010;
Zaragoza et al., 2010). These parameters can affect the extent
of particle opsonization, the type and number of phagocytic
receptors engaged, or the ability of pseudopods to surround
the target to enable sealing. Interestingly, pathogens can avoid
phagocytosis by becoming too large to ingest, as is the case
for the hyphae of Candida albicans and Aspergillus fumigatus
(Okagaki et al., 2010; Zaragoza et al., 2010), but also by
becoming too small. The latter is the case for single Strepto-
coccus pneumoniae bacteria, which were shown to evade
phagocytosis by minimizing the amount of opsonizing comple-
ment that deposits on their surface. By contrast, the larger
amount of opsonin exposed by chains of multiple bacteriaCell Host & Microbe 12, October 18, 2012 ª2012 Elsevier Inc. 427
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2011). Conversely, unicellular yeast are readily ingested by
recognition of their surface glucan by the phagocytic receptor,
Dectin-1, but filamentous yeast are not. Seemingly, glucan expo-
sure is minimal during filamentous growth, so that the pathogen
fails to activate Dectin-1 (Gantner et al., 2005).
Another ingenious strategy is deployed by Cryptosporidium
parvum. This protozoan lives extracellularly, in close apposition
to the plasma membrane of the host cell. It uses lectins to bind
to host epithelial cells, yet avoids internalization. Cryptospo-
ridium evades entry by limiting the expression of its lectins to
one side (the apex) of its body, such that it binds lengthwise to
the host cells (Dumenil, 2011). Thus, the protozoa can remain
attached with little risk of deleterious internalization.
Inside-Out Phagocytosis: Cell-to-Cell Spread
A number of pathogens, such as Listeria monocytogenes and
Shigella flexneri, have been shown to migrate from one host
cell to another without ever reaccessing the extracellular space.
This is clearly beneficial for the bacteria, as they can spread the
infection without exposure to the extracellular immunological
surveillance systems of the host organism. From a topological
standpoint, cell-to-cell spread can be considered as a type of
inside-out phagocytosis: the pathogen pushes its way out of
the first (donor) cell before being engulfed by the second
(acceptor) cell, where it initially forms a new, double-membraned
vacuole (Figure 1). The process is incompletely understood. In
the case of Listeria, the mechanical force exerted by the actin
polymerizing at the tail of the bacteria in the donor cell is neces-
sary, but not sufficient, for internalization by the adjacent,
acceptor cell (Robbins et al., 1999). The findings suggest the
active participation of the acceptor cells, which must somehow
sense the presence of the burrowing extensions originating
from the neighboring donor cell.
Other pathogens spread the infection by an extracellular route.
While this can result from necrosis of the infected cell, in some
cases themicroorganisms are released without causing damage
to the host cell; this requires a specialized extrusion mechanism.
Examples of pathogens using this type of process include
Chlamydia spp., Cryptococcus neoformans, and Mycobacte-
riummarinum (Hybiske and Stephens, 2008). Comparatively little
is known at present about such conservative extrusion mecha-
nisms. Chlamydia release from infected cells appears to involve
actin polymerization, WASP, myosin II, and Rho (Hybiske and
Stephens, 2007). Nematocida parisii exit from intestinal cells
also entails actin-dependent nonlytic escape (Estes et al.,
2011). In this system cortical actin must initially be removed for
exit to occur (likely removing a physical barrier), yet actin poly-
merization is required for the final stage of exit (potentially acting
as a motor force to expel the spores).
Conclusions
Professional phagocytes are endowed with an impressive
arsenal of microbicidal weapons: they generate reactive oxygen
species that are highly toxic to the ingested pathogens, puncture
their membranes by means of cationic pore-forming peptides,
digest their walls and membranes with an assortment of lytic
enzymes, arrest their growth by lowering the pH and by scav-
enging essential heavy metals, etc. Accurate and timely deploy-428 Cell Host & Microbe 12, October 18, 2012 ª2012 Elsevier Inc.ment of theseweapons hinges on the ability of the phagocytes to
engage and internalize the pathogens. Hence, the engulfment
process is key to the microbicidal response. This accounts for
the impressive variety of countermeasures that infectious micro-
organisms have developed in order to impair their uptake by
professional phagocytes: these range from camouflage to avoid
detection to the active impairment of the phagocyte’s cytoskel-
etal elements that drive membrane protrusion and engulfment.
Remarkably, not only have microbes learned how to exploit
host cell components to their advantage, but they have on
multiple occasions developed mimics of cellular enzymes by
convergent evolution, yielding effectors that are phenotypically
equivalent to their host’s counterparts, yet structurally dissimilar.
Such independently developed microbial molecules have taught
us valuable lessons in cellular and structural biology and are
increasingly used as convenient tools to manipulate the physi-
ology of more complex systems.
Pathogens have, in addition, developed an equally impressive
collection of tools to establish a firm foothold or to gain entry into
nonphagocytic cells, creating a niche that favors their survival.
The strategies that have evolved to this effect include, once
again, mimicry, co-option of cellular pathways, and convergent
evolution. Moreover, it is becoming apparent that bacteria, fungi,
andprotozoa veryoften employnot onebutmultiple, often redun-
dant effectors to accomplish a given goal; the simultaneous
injection of three actin-polymerizing effectors—SopE, SopE2,
and SopB—by Salmonella is but one example. The ominous
implication is that, in order to combat infectious organisms, we
will not only have to identify all the participant components, but
will likely need multiple simultaneous means of antagonizing
them. A great deal of basic knowledge still needs to be acquired
before any attempts at translation are contemplated.
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